The recent cryo-electron microscopy structures of phosphorylated, ATP-bound 24 CFTR in detergent micelles failed to reveal an open anion conduction pathway as expected on 25 the basis of previous functional studies in biological membranes. We tested the hypothesis that 26 interaction of CFTR with lipids is important for opening of its channel. Interestingly, molecular 27 dynamics studies revealed that phospholipids associate with regions of CFTR proposed to 28 contribute to its channel activity. More directly, we found that CFTR purified together with 29 associated lipids using the amphipol: A8-35, exhibited higher rates of catalytic activity, channel 30 activation and potentiation using ivacaftor, than did CFTR purified in detergent. Catalytic 31 activity in CFTR detergent micelles was partially rescued by addition of phospholipids plus 32 cholesterol, arguing that these lipids contribute directly to its modulation. In summary, these 33 studies highlight the importance of lipids in regulated CFTR channel activation and potentiation. 34 35 36 37 38 39 2 40 41
kinase A (PKA) phosphorylation of its regulatory (R) domain as well as ATP binding and compared in the amphipol-and detergent-based purifications. Choline-containing lipids (i.e. 160 phosphatidylcholine or PC, lecithin, lysolecithin, and sphingomyelin) were quantified using a 161 fluorimetric assay after normalization for CFTR protein abundance (Refer to CFTR 162 quantification section in Materials and Methods for more details on the method). We detected a 163 higher number of approximately 56 to 76 choline-containing phospholipids associated per CFTR 164 molecule in amphipol compared to approximately 5 to 12 phospholipids associated per CFTR in 165 LMNG detergent micelles (Figure 3c ). Interestingly, the number of measured lipid molecules 166 correlated with the number determined in our MD simulations of POPC or POPS. Notably, the 167 lipids that associated with CFTR in the amphipol purification include cholesterol, PC and 168 phosphatidylethanolamine (PE) as studied by lipid thin-layer chromatography (TLC) (Figure 3d ). 169 We cannot exclude the presence of additional lipids, given the resolution of the solvent system 170 employed for TLC. In fact, we expect that phosphatidylserine (PS) is also associated given its 171 dominant presence in the inner leaflet of biological membranes. We compared the specific ATPase activities of CFTR purified using amphipol or LMNG after 177 PKA phosphorylation (P) to ensure that both preparations were maximally phosphorylated, a 178 modification known to be important for CFTR function as an enzyme and a channel (Chang, Szellas and Nagel 2003) . We found that the Km values of ATP were similar for the two 181 samples: Km of 0.27 ± 0.08 mM ATP for the purified P-CFTR in amphipol and Km of 0.32 ± 182 0.14 mM ATP for the purified P-CFTR in LMNG detergent micelles ( Figure 4a ). Interestingly, 183 the maximal ATPase activities, after normalization to protein amounts (Refer to CFTR 184 quantification section in Materials and Methods for more details on the method), were 185 significantly higher in the purified P-CFTR: amphipol complexes than in the purified P-CFTR: 186 LMNG micelles (Vmax of 23.90 ± 1.91 nmol phosphate/mg protein/min versus Vmax of 5.54 ± 187 0.66 nmol phosphate/mg protein/min respectively, Figure 4a ).
189
In order to determine the role of lipids in enhancing the ATPase activity of the amphipol 190 preparation, we tested the effect of re-introducing PC, PS or a mix of PE:PS:PC:cholesterol 191 (5:2:1:1 ratio by weight) in the LMNG preparation ( Figure 4b ). We measured a significant 192 increase in ATPase activity of purified P-CFTR in LMNG detergent micelles upon pre-treatment 193 with PE:PS:PC:cholesterol (5:2:1:1 ratio by weight) albeit only reaching half of the relative 194 ATPase activity of purified P-CFTR in amphipol ( Figure 4b ). These results suggest that these 195 lipids, including cholesterol, enhance catalytic activity of the functional CFTR molecules in the 196 LMNG preparation and that the number of functional CFTR molecules is greater in the amphipol 197 preparation.
199
We were then prompted to determine if the amphipol preparation enhanced the functional 200 reconstitution of CFTR channel activity relative to the LMNG preparation. Each preparation was 201 separately reconstituted into pre-formed POPC liposomes. We measured anion electrodiffusion 202 from liposomes normalized for the amount of CFTR inserted into liposomes (Refer to CFTR 203 quantification section in Materials and Methods for more details on the method) in order to these findings show that the proportional functional reconstitution is greater in the amphipol 227 preparation. These findings can also be interpreted to suggest that the lipids including cholesterol 228 retained in the CFTR: amphipol complexes exert an activating effect on the CFTR channel.
230
Ivacaftor (or VX-770) potentiates the regulated channel activity of Wt-CFTR and is approved as 
238
Thus, we reasoned that CFTR extracted with its associated lipids using amphipol would exhibit a 239 greater response to VX-770 than CFTR extracted with detergents. Now, we show in paired 240 studies, that the fold increase in iodide electrodiffusion caused by VX-770 (1 μM) from 241 proteoliposomes containing amphipol extracted CFTR was approximately twice that measured 242 for proteoliposomes containing LMNG extracted protein ( Figure 5c ). We interpret these findings 243 to suggest that the lipids present in the CFTR: amphipol complexes facilitate VX-770 binding 244 and/or the conformational changes required for its potentiation. We provide direct evidence that lipid interaction with purified CFTR enhances its catalytic 250 function, an activity that is coupled to its ion channel activity. Furthermore, the lipids associated 251 with CFTR participate in VX-770 mediated potentiation, supporting the hypothesis that VX-770 
255
We also report several methodological advances in the study of CFTR. Our studies suggest that with amphipols, these proteins will exhibit enhanced stability and improved suitability for 265 biophysical studies (Marconnet 2019) .
267
This is not the first study to show that CFTR purified in detergents can be functionally MD simulations carried out on phosphorylated, ATP-bound hCFTR revealed potential 282 phospholipid binding sites. Importantly, this model was built based on a template structure 283 (zCFTR), which shares 55% of sequence identity with hCFTR and shows a nonconductive state.
284
As previously mentioned, preferential binding of POPC was found at the external cleft between 285 TM7 and TM9 and preferential binding of POPS was found at the inward facing gaps between lipids interact with regions that participate in conformational changes leading to pore opening 296 and suggest that delipidation during purification in detergents may disrupt this mechanism. This 297 interpretation aligns with our functional studies that revealed the importance of lipids in 298 maintaining the conduction competent configuration of CFTR.
300
We reason that in addition to an important role for the phospholipid interactions modeled in our 301 simulations, the cholesterol identified in the CFTR: amphipol complexes also contributes to the . However, not much is known on the effect of the interaction of CFTR and 307 cholesterol on CFTR channel activity. This is the first study to show a direct role for cholesterol 308 in augmenting the intrinsic catalytic and channel activity of CFTR.
310
We showed previously that the channel activity of detergent purified CFTR was potentiated by 311 ivacaftor (VX-770) following its reconstitution into liposomes, supporting the claim that VX-770 312 acts via direct binding to CFTR (Eckford, Li et al. 2012 ). Another group recently studied the 313 interaction of VX-770 with detergent solubilized CFTR using hydrogen/deuterium exchange 314 (Byrnes, Xu et al. 2018 ). This method showed that there were multiple regions in CFTR that 315 underwent changes in conformation after VX-770 interaction; however, the specific drug binding 316 site has yet to be defined. We and others hypothesize that VX-770 binds at a lipid: CFTR protein 317 interface given its lipophilicity (logP score of 5.76) ( In summary, it is clear from these studies of purified and reconstituted CFTR, that the intrinsic 323 catalytic and channel activities of CFTR are modulated by associated lipids. This work points to 324 the need to define the molecular basis for these interactions in order to advance our 325 understanding of channel gating, conduction and the mechanism of action of clinically approved 326 drugs such as ivacaftor (VX-770). . All systems were NpT-equilibrated in three 10 ns-stages before production runs, 385 successively with protein heavy atoms, protein backbone atoms, and protein Cα atoms restrained.
386
All positional restraints used a force constant of 1000 kJ/mol/nm 2 . Random initial velocities were 387 generated for twenty replicas of POPC-embedded system (embedded using either InflateGRO or 388 InflateGRO2 procedures), followed by 1 µs production runs of each replica, for an aggregate 389 total sampling time of 20 µs for POPC-embedded hCFTR. Random initial velocities were 390 generated for ten replicas of the POPS-embedded system (embedded using CHARMM-GUI), 391 followed by 1 µs production runs of each replica, for an aggregate total sampling time of 10 µs 392 for POPS-embedded hCFTR.
394
To obtain values of bulk lipid densities for normalizing lipid spatial distribution functions of using an identical protocol to the methods described above for hCFTR using the structure of 414 zCFTR (PDB 5W81). These simulations were performed for POPS and POPC lipids (the former 415 was embedded using CHARMM-GUI; the latter was embedded using both the InflateGRO and 416 InflateGRO2 protocols), for identical simulation lengths.
418
To examine structural fluctuations, we computed the RMSD of three subsets of Cα atoms ("All 419 Residues", "All Without C-terminus", and "TM Helices") over simulation time for both the 420 hCFTR homology model and zCFTR, as shown in Supplementary Figure 1 . For the "All
421
Residues" subset, all CFTR residues are included except the segments not modeled by cryo-EM 422 (zCFTR) or MODELLER (hCFTR), as explained in the detailed methods of homology modeling.
423
The "All Without C-terminus" subset is the "all" subset minus residues 1438-1485 in zCFTR or highlight regions where differences can be observed between these spatial distribution functions.
Expression of FLAG-CFTR-His construct in HEK293F cells and generation of crude

879
Preferential binding of POPC was found at the external cleft between TM7 and TM9 (region II).
880
Preferential binding of POPS was found at the internal clefts between TM10 and TM11 (region 881 I) and between TM4 and TM6 (region III). 
